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Structural health monitoring (SHM) of an instrumented structure provides numerous 
benefits when assessing the long-term condition of the structure against degradation, or the short-
term condition after an extreme event, such as an earthquake. The Nevada Department of 
Transportation (NDOT) has an interest in expanding the use of SHM for such assessments. 
Accordingly, the objective of the current study is to develop and implement a permanent SHM 
system for the Galena Creek Bridge, the largest concrete cathedral arch bridge in the world, to 
monitor its response to routine traffic and seismic activity. Completed in 2012, the bridge connects 
Reno and Carson City, Nevada as part of Interstate 580 and US Route 395. The structure consists 
of twin 526-meter cast-in-place, reinforced concrete box-girder bridges. The research team takes 
a unique approach by implementing a software and SHM approach originally developed by the 
United States Geological Survey’s National Strong Motion Project. The instrumentation will 
measure the structural response to traffic, wind, seismic, and thermal loadings. The system will 
automatically trigger on predefined events, such as an earthquake, and provide near real-time alerts 
in the form of text and email messages. In addition, a detailed finite element model of the structure 
was created and calibrated to establish the natural frequencies, mode shapes, and general dynamic 
response. The research helps improve the behavioral understanding of complex structures during 
seismic events. Ultimately, the project serves as an SHM testbed for NDOT, demonstrates a bridge 
application of the SHM software, and contributes to the advancement of SHM as a bridge safety 
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The Galena Creek Bridge carries Interstate 580 and U.S. Route 395 between Reno and 
Carson City, Nevada. Shown in Figure 1, the seven-span reinforced concrete box-girder bridge, 
with a total length of 526.2 meters, was completed in 2012 and includes a 210-meter cathedral 
arch span. Due to the complexities of the bridge, the Nevada Department of Transportation 
(NDOT) has interest in gaining more understanding of the behavior of the structure during seismic 
events through the use of structural health monitoring (SHM). 
 
Figure 1. Galena Creek Bridge. 
As technology rapidly progresses, bridge owners are beginning to explore novel methods, 
such as SHM, to supplement traditional visual inspections for assessing structural performance. 
When properly implemented, SHM can aid in establishing the most cost-effective solution to 
resolve complex structural issues by collecting real or near-real time data from the structure, 
allowing structural assessment through data analysis. Engineers can leverage such a technique 
using SHM, especially where conventional inspection methods would be unable to identify the 
structural performance issue or where a more efficient solution is needed to monitor complex 
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structural issues. By contributing to the development of SHM systems, the research has the 
potential to increase public safety. 
 
1.2 Scope of Research 
1.2.1 Research Goal and Objectives 
The overarching goal of this study was to identify and develop a permanent and automated 
seismic SHM system for the Galena Creek Bridge. The research aimed to design and implement 
the instrumentation system, as well as to generate a finite element model. Collectively, the two 
components will establish the overall SHM system. It should be noted, this research was completed 
as part of a larger, on-going research effort; as such, some components will be completed in the 
future. 
To accomplish the overarching goal, the research had the following objectives: 
1. Design and implement a seismic structural health monitoring instrumentation 
system on the Galena Creek Bridge. 
2. Develop a computer finite element model of the Galena Creek Bridge. 
3. Conduct model validation using experimental test data and computational 
analysis results from existing literature. 
1.2.2 Research Tasks 
To meet the study objectives, the research was divided into eight tasks. Each task is listed 
below, including a brief description. 
3 
 
• Task 1 – Review existing literature to understand the current state of knowledge on 
SHM, specifically focusing on bridge structure applications. 
• Task 2 – Identify the key parameters of interest for the Galena Creek Bridge, as well as 
the available SHM components suitable to capture the structural response.  
• Task 3 – Establish optimal sensor locations and orientations on the structure. 
• Task 4 – Implement the seismic SHM system on the Galena Creek Bridge. 
• Task 5 – Create a finite element model of the Galena Creek Bridge using CSiBridge, a 
widely used modeling software in the structural engineering field, to determine the 
natural frequency, mode shapes, and general structural response. 
• Task 6 – Analyze the results of the newly developed Galena Creek Bridge finite 
element model using experimental and computational data available in the existing 
literature. 
• Task 7 – Refine the finite element model based on the findings from Task 6. Tasks 6 
and 7 were iterated until the model was validated and accurately captured the historical 
response of the Galena Creek Bridge. 
• Task 8 – Summarize the research findings, including all conclusions and 
recommendations for future work. 
 
1.3 Organization of the Study 
The thesis has been organized into seven chapters. Chapter 1 is a general introduction 
including scope of work, over-arching goal, objectives, and research tasks. Chapter 2 provides 
background on the Galena Creek Bridge, previous research focusing on the bridge, and a review 
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of the relevant existing literature on structural health monitoring (Task 1). Chapter 3 details the 
planning, methodology, and development of the seismic monitoring system (Tasks 2 – 4). Chapter 
4 focuses on the development of the initial version of the CSiBridge model (Task 5). Chapter 5 
analyzes the data collected using the techniques detailed in previous chapters and discusses the 
findings of the research (Task 6). Chapter 6 describes the processes of refining and verifying the 
CSiBridge model (Task 7). Chapter 7 includes conclusions, recommendations, and the future work 





2 Literature Review 
2.1 Background on the Galena Creek Bridge 
The Galena Creek Bridge is the largest concrete cathedral arch bridge in the world with a 
210-meter arch span. The bridge consists of two 526.2-meter cast-in-place, conventionally 
reinforced concrete box-girder structures partially linked together. Completed in 2012, the bridge 
connects Reno and Carson City, Nevada as part of Interstate 580 and US Route 395. 
NDOT, working with the University of Nevada, Reno (UNR), instrumented and tested the 
middle frame of the southbound superstructure from 2008 to 2013. The researchers employed field 
experiments to characterize baseline dynamic properties (Carr and Sanders, 2013). The 2013 
instrumentation system was intended to be a permanent seismic SHM installation; however, at the 
conclusion of the project, the system was not maintained or monitored. NDOT has a renewed 
interest in establishing a permanent SHM system on the Galena Creek Bridge to monitor its 
response to seismic events and routine traffic. 
 
2.2 Description of the Structure 
2.2.1 General Information 
The Galena Creek Bridge, shown in Figure 2 and Figure 3, consists of two separate 
structures, one carrying northbound traffic and one carrying southbound traffic, tied together 
laterally by two link beams and a link slab in the arch span. Internal expansion joint hinges are 
located near the piers just outside of the arch, allowing for longitudinal movement. The expansion 
joints separate the structure into three frames. The middle frame is supported at the base of the 
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arch and at the bottoms of the adjacent columns by thrust block foundations. The bearings at the 
expansion joints and the abutments of the bridge are spaced at 2.875 meters. 
 
Figure 2. View of Galena Creek Bridge looking north. 
 
Figure 3. View of Galena Creek Bridge from underneath the structure. 
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Longitudinally post-tensioned two-cell box-girders rest on the six sets of single column 
piers. A 200-millimeter thick concrete deck integral with the box-girders is post-tensioned 
transversely. Hollow rectangular columns and arches support the superstructure. The bridge 
consists of two separate structures tied together for lateral loading resistance using a link slab 
between the decks at the crown of the arch and link beams between the thrust blocks at the base of 
the arch. 
2.2.2 Superstructure 
The superstructure is a two-cell box-girder with a width of 18.9 meters and a depth of 3 
meters as displayed in Figure 4 and Figure 5. The depth of the superstructure only varies in the 
arch-superstructure merge region, where the total depth increases up to 3.6 meters in the crown of 
the arch. The soffit, or the bottom slab of the box-girder, increases from the typical 200-millimeter 
thickness near the piers. Soffit thickness increases up to 600 millimeters at Piers 2 and 3, and the 
thickness increases up to 400 millimeters at the other four piers. 
 




Figure 5. Inside of a cell of the box-girder. 
Two expansion joint hinges separate each structure into three frames. The hinges are 
located 15 meters from either side of the arch span, measured from the centerline of the hinge to 
the centerline of the adjacent column. Figure 6 and Figure 7 show one of the expansion joints on 
the Galena Creek Bridge. Diaphragms at the hinges (5.8 meters thick) provide sufficient space for 
the necessary conventional reinforcement and prestressed tendons in the hinge regions. Other 
diaphragm locations include both abutments (1.6 meters thick), the midspan of each structural span 
(250 millimeters thick), multiple locations within the arch-superstructure merging region (ranging 
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from 300 to 500 millimeters thick), and between the ends of the merge region and the adjacent 
piers (250 millimeters thick). 
  
Figure 6. Expansion joint seen from below the 
bridge. 
Figure 7. Close-up of an expansion joint 
hinge. 
 
 The traditional longitudinal and transverse reinforcement in the superstructure is #13M and 
#16M bars spaced at every 300 millimeters in the deck and webs and spaced 400 millimeters apart 
in the soffit. All rebar in the bridge is A706 Grade 50 steel. The prestressing of the superstructure 
includes longitudinal and transverse post-tensioning. Longitudinal post-tensioning consists of both 
internal and external tendons. Each longitudinal post-tension tendon is comprised of 27 strands of 
A416 Grade 270 steel, with a coefficient of friction of 0.2, a wobble factor of 0.00066/m, and a 
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100-millimeter anchorage set. The tendon area, jacking force, and predicted losses at each tendon 
location are listed in Table 1. 
Table 1. Post-tensioning properties. 
  Tendon Area (mm2) Jacking Force (kN) Losses (kPa) 
Frame 1 Tendon 34620 48300 179000 
Frame 2 Tendon 
(Internal) 72620 101300 276000 
Frame 2 Tendon 
(External) 23370 32600 276000 
Frame 3 Tendon 46020 64200 241000 
 
2.2.3 Substructure 
Each structure consists of seven spans, which are supported by single column piers and an 
arch. As shown in Figure 8, the twelve columns have a hollow rectangular cross-section with 
exterior dimensions of 3 meters by 6 meters and interior dimensions of 1.8 meters by 4 meters. 
The hollow interior of the columns allows for increased inspectional capability and enabled the 
installation of the monitoring instrumentation. The strong axis of each column is oriented to resist 
transverse bending. Longitudinal reinforcement in the columns consists of #22M bars for Piers 1, 
4, 5 and 6 and #29M bars for Piers 2 and 3. Transverse reinforcement includes #16M bars for 
confinement and #19M bars for shear. Due to site topography, the column height widely varies, 
resulting in the northbound columns being taller than the southbound columns. A pedestal is 
located at the bottom of the southbound Pier 4 column. Strong winds knocked over the original 





Figure 8. Column section view. 
Each structure has a 210-meter cathedral arch in the middle frame. The hollow rectangular 
arch cross-section has exterior dimensions of 3.6 meters by 6 meters and inner dimensions of 2.8 
meters by 5.2 meters, displayed in Figure 9. Similar to the columns, the strong axis of the arch 
coincides with the transverse direction of the bridge. The arches are longitudinally reinforced with 
bundled #29M bars, and the shear and confinement steel vary. The arch base is supported with the 
adjacent columns by the thrust blocks, and the crown of the arch merges with the superstructure, 




Figure 9. Arch section view. 
 




Figure 11. Inside of superstructure at the crown of the arch. 
2.2.4 Other Structural Components 
A link slab and two link beams tie the northbound and southbound structures together to 
reduce seismic forces and displacements, specifically in the transverse direction. The 
200-millimeter thick link slab connects the two structures along the arch frame between the 
cantilever overhangs of the two box-girders (Figure 12). The longitudinal reinforcement from both 
decks extends into the link slab, making the slab integrally cast with both box-girders. Figure 13 
shows one of the two link beams used to provide a rigid connection between each of the arch thrust 







Figure 12. Link slab connecting the adjacent overhangs of the two structures. 
 
Figure 13. Link beam connecting the northbound and southbound structures. 
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 The piers located outside of the middle frame, away from the arch, are supported with 14 
meter by 13.42 meter pile caps, as displayed by Figure 14. The thickness of the pile caps is 2.75 
meters, and the caps are located on top of 12 cast-in-drilled-hole (CIDH) piles. Each pile extended 
down until reaching competent rock; therefore, the depth of the CIDH piles varies. Piers located 
in the middle frame are connected to the base of the arch and rest on thrust blocks, shown in Figure 
15. 
 




Figure 15. Thrust block supporting base of arch and column. 
 
2.3 Previous Research on the Galena Creek Bridge 
2.3.1 Seismic Time-History Analysis 
During construction of the bridge from 2008 to 2012, NDOT collaborated with UNR to 
install instrumentation and perform monitoring on the main arch span. The primary purpose of the 
17 
 
original study of the Galena Creek Bridge was to gain understanding of the behavior of the 
structure to seismic loading (Taylor & Sanders, 2008). Nonlinear time-history analysis was 
performed and compared to linear-elastic response spectrum analysis, a more traditional technique 
used by designers. 
Taylor and Sanders developed an analytical finite element model using SAP2000 to more 
accurately predict individual member forces and displacements by considering material and 
geometric non-linearity (2008). Moment-curvature was used in the analytical model to consider 
the effect of plastic-hinging behavior of the arch and columns on the overall nonlinear behavior of 
the structure. Shear hinging was neglected as the tall, slender columns of the Galena Creek Bridge 
are flexure-dominant. The moment-rotation response of the substructure components used Takeda 
hysteresis models to incorporate cyclic loading effects in the model. Gap and hook elements were 
used at the hinges and abutments to fully capture any nonlinear response. 
The basis for the comparison between the two seismic analysis methods was formed by 
peak structure displacements, moments, and base shears, thereby providing a means to assess the 
adequacy of the assumptions made in the design process. Elastic response spectrum analysis was 
performed using the analytical model generated for the non-linear analysis, except that the non-
linear elements were replaced with linear elements (Taylor & Sanders, 2008). 
The researchers consulted seismologists at UNR to identify acceleration time histories to 
be used in the nonlinear analysis. The time histories were selected from earthquake records with 
similar seismology to that of the nearby strike/slip fault (Taylor & Sanders, 2008). The Federal 
Emergency Management Agency (FEMA) 356 recommendations were used to scale the 
acceleration records. This time history selection process made the prediction of earthquake loading 
on the structure more accurate. 
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The nonlinear time-history analysis was found to have comparable results with elastic 
response spectrum analysis. The researchers concluded that non-linear time-history analysis can 
be effective as an evaluation tool based on structural performance to better understand global 
structural behavior, as long as the input ground motions are properly selected (Taylor & Sanders, 
2008). Using response modification factors, the elastic response spectrum technique can typically 
estimate member forces and displacements in a structure, as it considers the effects of multiple 
modes of vibration and combines those effects. 
2.3.2 Investigation of Load, Time-Dependent, and Temperature-Dependent Effects 
Following the first collaboration between UNR and NDOT, further research on the Galena 
Creek Bridge focused on installing instrumentation to gain further understanding of various effects 
on the behavior of the structure. On the southbound structure, primarily strain and temperature 
data were collected between 2008 and 2010 (Vallejera & Sanders, 2011). Analytical models 
attempted to consider the contribution of load, time, and temperature-dependent effects on the total 
strain experienced. 
The instrumentation system consisted of 108 strain gages and thermistors located in seven 
cross-sections of the arch and three cross-sections of the deck, as well as five tri-axial 
accelerometers located in the middle frame (Vallejera & Sanders, 2011). Monitoring occurred 
during construction of the bridge, starting September 2008 and ending December 2010. The strain 
gages and thermistors were used to measure the contribution of the different effects on total strain. 
The purpose of the accelerometers was to provide a way to compare the results of the response 
spectrum analysis from the analytical models to those calculated using experimental field data. 
The response spectrums for each ground motion were obtained from Seismosignal, a software used 
to process strong-motion data, then used to determine the Square-Root-of-the-Sum-of-the-Squares 
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(SRSS) response spectrums. Based on 2% probability of exceedance in 50 years, scale factors for 
each motion were then applied to find the average weighted composite response spectrum. 
The analytical models considered the effects of staged construction, the time-dependent 
behavior of concrete, and temperature change in the structure on the strain measured. The 
researchers found that the contribution of temperature was negligible when compared to the 
contributions of time-dependent effects and load on the total strain (Vallejera & Sanders, 2011). 
Large error ratios were observed and attributed to strain caused by damage to the instruments or 
cables during construction, faults in the installation of the system, or frequent power loss to the 
data collection system. The large error ratios made separating the total strain data collected into 
strain caused by each effect difficult. 
The researchers recommended improved planning and instrumentation protection to 
minimize the contribution of external variables on the total strain for similar projects in the future 
(Vallejera & Sanders, 2011). A significant part of the protection of the system was the connections 
between the data collection system and each instrument, which led Vallejera and Sanders to 
recommend using durable, simple connectors and hard wiring the cables through field soldering 
in future field research. Limiting the contribution of any external variables could provide a means 
to compare the field data to the results found from analytical models. 
2.3.3 Dynamic Characterization and Baseline Testing 
In 2012, NDOT and UNR began another study to characterize the dynamic properties of 
the completed bridge (Carr & Sanders, 2013). Both existing instrumentation and new installations 
were employed for the overall monitoring system. To supplement the initial system, 
accelerometers were installed throughout the southbound main arch span. The purpose of the 
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additional sensors was to make the overall system able to continuously monitor the behavior of 
the bridge under typical loading, as well as during seismic events. The system was initially 
intended to be a permanent installation and used for long-term monitoring at the completion of the 
study; however, no maintenance was provided at the conclusion of the research. 
Four biaxial accelerometers, to measure the vertical and transverse responses, and four 
uniaxial accelerometers, oriented in different directions, were added. The eight new 
accelerometers were placed every 30 meters between the two expansion joint hinges of the 
structure (Carr & Sanders, 2013). The new sensor locations were predicted to experience the 
largest peak modal deflections and accelerations using the modal analysis results from the 
analytical models created in SAP2000. 
During the field experiment, the structure was dynamically excited in the vertical direction 
using a construction vehicle and in the transverse direction using an eccentric mass shaker. Both 
tests attempted to validate results of previous models from the NDOT design process (Carr & 
Sanders, 2013). The analytical models were created in SAP2000 using frame elements, making 
them spine models. Following the completion of both experiments, the field data were compared 
to the results from analytical models. 
The shaker experiment was used to calculate the transverse damping of the structure. The 
damping values were found to vary based on the frequency of the vibration, with damping 
decreasing as frequency increases. For the highest frequencies, an average damping of 3% was 
reported, which was consistent with the recommended value (Carr & Sanders, 2013). Five out of 
six natural frequencies were correctly predicted by the model. Gross section properties were found 
to be more representative of the structure when it was in its initial condition at the time of the 
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experiments. Mode shapes calculated for the experimental frequencies correlated well with the 
mode shapes from the model. 
Following the controlled dynamic testing, traffic loading was monitored for a short 
duration. The vertical damping of the structure calculated using the field data was consistently 
around 2% across all of the truck experiments, which agreed with the recommended damping value 
for a structure under working stress (Carr & Sanders, 2013). The researchers experienced 
difficulties when attempting to model the dynamic effects of the truck loading on the structure. 
When gross section properties and hinges were modeled to reflect working stresses instead of 
seismic stresses, the acceleration response in the analytical models agreed more with the 
experimental data. 
Overall, the experimental results agreed with the predicted results from the analytical 
SAP2000 models (Carr & Sanders, 2013). However, one significant exception was that the models 
were found to predict lower peak accelerations in the transverse and vertical directions. The 
researchers concluded that using a single degree-of-freedom (SDOF) system to model the truck 
would have likely removed some of the inaccuracies in the dynamic load modeling. 
 
2.4 Structural Health Monitoring 
2.4.1 Overview 
The purpose of structural health monitoring is to continuously assess the condition of a 
structure, typically either for long-term degradation or short-term impact from an extreme event. 
The traditional way of assessing structural condition is through manual, visual inspection, giving 
SHM practical advantages over common practice. In the long-term, a monitoring system can be 
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more economical if properly maintained (Miceli et al., 2019). SHM also has the benefit of 
continuously collecting data and checking on the condition of the structure, while traditional 
inspection typically occurs every two years (AASHTO, 2017), resulting in sporadic data collection 
and follow-up condition assessment. The monitoring of structures allows for the ability to detect 
structural damage, which can significantly reduce the cost and effort involved in the maintenance 
of the structures (Heo et al., 2018). Having a system that examines structural conditions can help 
ensure that the maintenance of a bridge is safe and effective (Jia et al., 2015). 
2.4.2 SHM Systems for Dynamic Response 
 SHM can be used for a wide variety of purposes. For example, it helps address many types 
of structural problems and challenges encountered by owners, designers, and inspectors. Routine 
challenges range from evaluating the integrity of an existing structure, to detecting subtle 
movements undetectable by visual inspection, to assessing fatigue when cyclic loading is present, 
to characterizing dynamic properties, to determining the effects of extreme events (Miceli et al., 
2019). Each unique challenge requires a different approach, methodology, and sensor types to 
accurately perform monitoring activities. 
 The most commonly documented type of bridge failure is substructure scour (Miceli et al., 
2019). Scour can go unnoticed due to the subtle movement, often not perceptible to conventional 
visual inspection. When inclinometers, measuring tilt, are used in conjunction with accelerometers, 
measuring acceleration, and temperature sensors, any movement and its causes can be identified 
and quantified (Miceli et al., 2019). Inclinometers detect rotation and are typically used in 
conjunction with other sensor types to determine rotational movement of specific structural 
elements. Accelerometers measure vibration and are often used to determine the natural 
frequencies of structures or to determine the global response of structures undergoing extreme 
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loading conditions. When a location of scour concern is known, inclinometers can be installed and 
used to monitor any changes in pier geometry. Weather data can provide an explanation for some 
sources of unexpected movement. 
Accelerometers measure the rate of change of the velocity, or acceleration, in a given 
direction. Widely used to quantify vibration, accelerometers typically monitor global, rather than 
local, structural conditions (Jia et al., 2015), such as the dynamic response of a structure to an 
earthquake or other extreme event. Massive amounts of data can be generated by these sensors; 
therefore, it is necessary to make the proper preparations for data reduction and analysis in any 
application of the sensors. It is critical in SHM planning that engineers ensure that specifically the 
data recorder and analysis system can handle the required data processing. 
 When attempting to dynamically characterize a bridge, the structure will typically be 
loaded with controlled traffic. As the structure is experiencing forced vibration through the live 
loading, accelerometers can be used to capture the response of the bridge. In an experiment 
consisting of testing the then-newly constructed Alfred Zampa Memorial Bridge in the San 
Francisco Bay Area, California, the 728-meter span steel suspension bridge was subjected to a 
combination of ambient and forced vibration experiments (He, 2008). The bridge had not yet been 
opened to traffic; therefore, the researchers aimed to determine the baseline modal properties for 
future reference. In a similar experiment, researchers at Florida State University installed 
accelerometers, strain gages, and displacement sensors on a three span concrete bridge (Li, 2005). 
The study aimed to capture acceleration records in order to identify the natural frequencies of the 
structure. The impact factors recommended in the American Association of State Highway and 
Transportation Officials (AASHTO) design code were evaluated using the static and dynamic 
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responses measured. Both studies show potential uses for SHM systems which aim to characterize 
structural dynamic properties. 
 Monitoring a structure for the effects of extreme events typically involves measuring the 
structural response during and after an event. The main challenge encountered during this type of 
SHM is establishing workable thresholds to prevent false positives, while still triggering when 
structural behavior deviates from the expected range (Miceli et al., 2019). Common extreme event 
SHM applications in transportation are bridges considered to be critical to infrastructure, bridges 
with low-clearance repeatedly experienced vehicular impacts, and bridges crossing waterways 
with high potential for impacts from marine vehicles (Miceli et al., 2019). Even more common, 
post-earthquake assessment relies on accelerometers to detect damage based on changes in 
acceleration profiles generated. Inclinometers are sometimes used to supplement the acceleration 
data with tilt data to give a more representative look at the overall structural response. 
 All SHM systems should be capable of processing and communicating large amounts of 
data. A study by Heo et al. aimed to develop a wireless unified-maintenance system able to 
measure diverse types of data simultaneously and process all of this data without risk of 
interruption (2018). The researchers tested communication distance and the accuracy of the 
dynamic responses, and they found that the analysis of dynamic characteristics indicated the 
wireless acceleration responses were sufficient to represent the dynamic properties of the structure 
tested. 
As a part of the National Strong Motion Project (NSMP), the United States Geological 
Survey (USGS) and the Department of Veterans Affairs (VA) collaborated to perform real-time 
seismic monitoring of VA hospital buildings located in regions known to be seismically active 
(Ulusoy et al., 2012). The researchers relied on accelerometers installed on all floors, a data 
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recorder, and a server to analyze and record each building’s dynamic response. Four algorithms 
were used in separate modules to determine shear-wave travel time, base shear forces, modal 
parameters, and inter-story drift ratios. The algorithms relied on by the researchers were tested and 
validated by using full-scale experimental shake table test data. A strength of the analysis system 
emphasized by the researchers was the ability to process the necessary amount of data quickly 
enough to ensure near real-time analysis. A similar data analysis software is used by this research 
team to rapidly capture the response of the Galena Creek Bridge to ground motion. 
2.4.3 Optimal Sensor Placement 
When using accelerometers in a SHM system, location and orientation are crucial (Sun & 
Buyukozturk, 2015). Optimal sensor placement is used in SHM to help identify the most effective 
locations and orientations of sensors, as well as the count of sensors necessary for a given purpose. 
As the main objective of SHM is to detect, locate, and inform of damage in a structure, optimal 
sensor networks are required to ensure a successful monitoring system (Azarbayejani, 2010). For 
example, vertical acceleration data can determine relative displacements between different 
columns during a given event, and lateral acceleration data can obtain the relative displacement 
(drift) between the top and bottom of each column during that event. Further, the configuration of 
the sensors should be optimal, to conserve testing resources (Jia et al., 2015). If the sensor 
configuration is optimized, not only will resources be conserved, but all significant dynamic 
information can be obtained. 
 A probabilistic approach to optimal sensor placement is presented by Azarbayejani, where 
the necessity of redundancy in sensor networks is considered, and the damage locations have 
already been identified (2010). Since the placement is a function of multiple objectives, the 
approach considered by Azarbayejani incorporates information regarding damage locations and 
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system redundancy together with the cost of the sensor network. An SHM system was installed on 
a reinforced concrete bridge in New Mexico and relied on a calibrated finite element model to 
describe different damage states of the bridge (Azarbayejani, 2010). Such performance-based 
monitoring reduces the reliance on inspection, and additional time and cost savings result from the 
determination of an adequate number of sensors and their locations. 
 Some researchers have found benefits in using artificial algorithms to solve the problem of 
optimal sensor placement. For example, discrete optimization in the form of minimizing sensor 
locations was investigated by a team of researchers (Sun & Buyukozturk, 2015). The researchers 
determined the utility of a given sensor configuration based on modal characteristics using three 
structures to test the validity of this method. The proposed algorithm was also validated 
experimentally in a laboratory structure instrumented with triaxial accelerometers to show the 
efficiency and practicality of the system. Another team of researchers similarly investigated a 
sensor placement algorithm for the same purpose of using triaxial accelerometers in SHM (Jia et 
al., 2015). The second team of researchers also validated their approach through installing sensors 
on the Xinghai NO.1 Bridge, a steel suspension bridge in Dalian, China, using the proposed 
algorithm by displaying the improved efficiency when compared to conventional methods of 
determining the locations of triaxial accelerometers. 
 The determination of sensor locations prior to deploying any sensors is a critical step in the 
planning of any SHM system. Accordingly, past research explored various methods of determining 
sensor locations. Often, the degrees of freedom are identified as a first step of this process. Some 
methods share a common idea of viewing the mode shapes as linearly independent. By combining 
the degrees of freedom using mode shapes, researchers have identified ways to reduce the number 
of sensors (Jia et al., 2015). The common theme among different approaches is the goal of 
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optimizing the placement of instrumentation. Each approach was investigated to establish an 
effective methodology to follow when developing the instrumentation for the current study, as 




3 Instrumentation for Structural Health Monitoring 
3.1 Identifying Equipment 
3.1.1 Overview 
 The SHM system installed on the Galena Creek Bridge consisted of seismic 
instrumentation and a supplementary system. Accelerometers, data recorders, and a free-field 
station formed the installed seismic monitoring system. Wind, temperature, tilt, and displacement 
sensors will be used with a data recorder to form the supplementary monitoring system when it is 
installed as a part of the larger effort to monitor the structure. Together, the two systems will 
attempt to capture the complete and representative response of the Galena Creek Bridge. 
3.1.2 Accelerometers 
The previous instrumentation, installed by UNR on the southbound structure of the Galena 
Creek Bridge, was not used for the current study. An entirely new seismic instrumentation system 
consisting of 33 uniaxial accelerometers, which measure acceleration in one axis, was installed on 
the northbound structure. As not every location of interest required measurement in three 
directions, a system comprised of uniaxial accelerometers was designed and installed on the 
bridge. The uniaxial accelerometers were accompanied by a triaxial seismograph at a free-field 
location.  
The Kinemetrics EpiSensor ESU2 in Figure 16 is a uniaxial accelerometer designed 
primarily for structural engineering applications with very low self-noise. Prior experience by the 
research team demonstrated excellence performance by the EpiSensor ESU2 in seismic SHM 
applications. Further, compatibility of the sensor with the data recorder made it the ideal choice 
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for the developed system. The measurement range of the EpiSensor ESU2 is ±0.25g to ±0.4g, 
where “g” is standard gravitational acceleration. Compared to triaxial accelerometers, uniaxial 
accelerometers provide significant advantages in applications where the following conditions 
apply: 1) not every point of interest requires measurement in three axes, resulting in a limited cost-
benefit ratio, and 2) the replacement costs for a single axis failure are less in systems using uniaxial 
sensors. 
 
Figure 16. EpiSensor ESU2 uniaxial accelerometer. 
3.1.3 Supplementary Sensors 
 A supplementary instrumentation plan was developed as a part of the larger effort to 
capture a fully representative response of the Galena Creek Bridge. Similar to the seismic SHM 
system, the supplementary sensors were planned to measure response of the northbound 
superstructure. Measurement signals for the supplementary monitoring system will include wind 
speed, wind direction, temperature, tilt, and displacement. 
 Wind speed and direction will be captured by an R.M. Young 86000 ultrasonic anemometer 
(Figure 17), which measures the transit time of ultrasonic pulses between three transducers. 
Ultrasonic anemometers have no moving parts and are ideal for any meteorological application 
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that requires a wide operating range, low power operation, environmental resistance, and reliable 
measurement. The sensor will quantify the contribution of wind loading to the overall condition 
of the Galena Creek Bridge. 
 
Figure 17. R.M. Young 86000 ultrasonic 
anemometer. 
 
Figure 18. R.M. Young 41432VF temperature 
probe. 
Temperature probes will enable an investigation of thermal effects. The R.M. Young 
41342VF temperature probe, displayed by Figure 18, was selected to measure the ambient 
temperature within and outside of the structure. The probe has a calibrated measuring range 
of -50°C to +50°C and will be placed inside a solar radiation shield when installed. The 
temperature data will be used in conjunction with the displacement data to evaluate longitudinal 
movements at the abutments and expansion joints. 
Biaxial inclinometers will measure tilt at the top of the columns. Two Rieker Incorporated 
Flex Series H6 inclinometers (Figure 19) will be installed on the Galena Creek Bridge. The Flex 
Series H6 inclinometers are fit for SHM applications, especially for bridges, with a resolution of 
0.05°, a maximum angular range of ±0.2°, and an operating temperature range of -40°C to +85°C. 
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Column tilt can signify an underlying structural or geotechnical issue, such as locked bearings, 
excessive deflection, or uneven settlement. Biaxial inclinometers fit the intended purpose well, as 
the tilt at the columns will be measured in the longitudinal and transverse directions. 
 
Figure 19. Rieker Incorporated Flex Series H6 
biaxial inclinometer. 
 
Figure 20. UniMeasure HX-P510 Series 
string potentiometer. 
Potentiometers will measure displacement along the superstructure. The chosen sensor, 
displayed in Figure 20, is a UniMeasure HX-P510 Series string potentiometer, with an operating 
temperature range of -40°C to +85°C. Thermal expansion will be measured and monitored, giving 
insight to the long-term condition of the expansion joints. If the expansion joints are not working 
as intended, the bridge could be restricted from freely expanding and contracting, which would 
cause high internal stresses, unaccounted for in design. 
3.1.4 Data Recorders 
 Data recorders produced by Kinemetrics were implemented for the SHM system. Separate 
recorders were employed for the seismic and supplementary systems. The seismic monitoring 
sensors, all accelerometers, are connected to the 36-channel data recorder. The wind, temperature, 
tilt, and displacement sensors will be connected to the 12-channel data recorder. The multichannel 
data recorders are Kinemetrics Obsidian 36X (Figure 21) and 12X (Figure 22), respectively. The 
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Obsidian data acquisition system is primarily used for seismic monitoring and has the processing 
capability the project requires to calculate necessary parameters with programmable algorithms. 
 
Figure 21. Kinemetrics Obsidian 36X 36-channel data recorder. 
 
Figure 22. Kinemetrics Obsidian 12X 12-channel data recorder. 
3.1.5 Free-field Station 
The free-field station serves as a baseline for the actual ground motion in all three axes at 
the Galena Creek Bridge location. The ETNA 2 accelerograph from Kinemetrics (Figure 23) was 
chosen to be the equipment for the free-field site. An accelerograph acts as a triaxial accelerometer 
and a data recorder in one device. The ETNA 2 was designed specifically for earthquake structural 




Figure 23. ETNA 2 accelerograph. 
 
3.2 Selecting Sensor Locations 
3.2.1 Accelerometer Locations 
The seismic monitoring system consists of 33 uniaxial accelerometers, a 36-channel data 
recorder, a triaxial accelerometer and data recorder acting as a free-field station, and a seismic 
SHM software. The locations and directions of the accelerometers, capturing the bridge response, 
were determined as part of the deployment strategy. To determine the quantity, location, and 
orientation of accelerometers, existing literature was reviewed in combination with the experience 
of the research team. The sensor layout was chosen based on the literature review of optimal sensor 
placement, summarized in Chapter 2, and the geometry of the bridge. 
Figure 24 displays the 33 uniaxial accelerometers installed on the northbound structure. 
Some of the accelerometers were grouped to capture response in multiple directions, resulting in 
15 monitoring locations. Longitudinal and transverse accelerometers will be used to compute 
lateral motion, while vertical accelerometers will allow for the calculation of relative 
displacements along the length of the bridge. In addition, a free-field site consisting of a triaxial 
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accelerograph, including a data recorder and a triaxial accelerometer, is located approximately 50 





Figure 24. Seismic instrumentation plan.
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The 33 uniaxial accelerometers deployed in the northbound structure will provide the 
relative motion of the bridge between different points of interest during an earthquake. All 
locations and directions are summarized in Table 2. Longitudinal accelerometers are located at the 
top and bottom of four of the six piers of the bridge, as well as at the crown of the arch. Vertical 
accelerometers are located at the bottom of three piers, edges of the arch-superstructure merge 
region, between the merge region and adjacent piers, and between each set of piers adjacent to the 
hinges. Transverse accelerometers are located at every previously listed point of interest. The 
triaxial accelerograph located at a free-field site will monitor the three components of ground 




Table 2. Uniaxial accelerometer summary. 
Sensor # Location Direction 
1 Top of Pier 1 Transverse 
2 Top of Pier 1 Longitudinal 
3 Bottom of Pier 1 Transverse 
4 Bottom of Pier 1 Longitudinal 
5 Midspan between Piers 1 and 2 Vertical 
6 Midspan between Piers 1 and 2 Transverse 
7 Top of Pier 2 Transverse 
8 Top of Pier 2 Longitudinal 
9 Bottom of Pier 2 Vertical 
10 Bottom of Pier 2 Transverse 
11 Bottom of Pier 2 Longitudinal 
12 Midspan between Pier 2 and Merge Region Vertical 
13 Midspan between Pier 2 and Merge Region Transverse 
14 South End of Merge Region Vertical 
15 South End of Merge Region Transverse 
16 Crown of Arch in Superstructure Transverse 
17 Crown of Arch in Superstructure Longitudinal 
18 North End of Merge Region Vertical 
19 North End of Merge Region Transverse 
20 Midspan between Pier 3 and Merge Region Vertical 
21 Midspan between Pier 3 and Merge Region Transverse 
22 Top of Pier 3 Transverse 
23 Top of Pier 3 Longitudinal 
24 Bottom of Pier 3 Vertical 
25 Bottom of Pier 3 Transverse 
26 Bottom of Pier 3 Longitudinal 
27 Midspan between Piers 1 and 2 Vertical 
28 Midspan between Piers 1 and 2 Transverse 
29 Top of Pier 4 Transverse 
30 Top of Pier 4 Longitudinal 
31 Bottom of Pier 4 Vertical 
32 Bottom of Pier 4 Transverse 






3.2.2 Supplementary Sensor Locations 
The supplementary system includes one anemometer, two temperature probes, two 
inclinometers, four potentiometers, and a 12-channel data recorder. The location of each 
supplementary sensor is displayed on Figure 25. The wind sensor will be situated on the top of an 
existing 10-meter tall pole attached to the link slab in the middle frame of the structure. One 
temperature probe will be placed outside the structure, but in close proximity, to monitor ambient 
temperature. The second probe will be placed on the interior web of the box-girder to measure the 
internal temperature of the superstructure. The inclinometers will be located at the top of Piers 1 
and 2 to monitor any long-term tilt in the longitudinal and transverse directions. Two displacement 
sensors, each, will be located at the southernmost abutment and expansion joint. Each set of two 
potentiometers will consist of one sensor placed in each cell of the two-cell box-girder to measure 
any possible differential movement. The pair of potentiometer sets will be used to capture the 




Figure 25. Supplementary instrumentation plan.
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3.3 Instrumentation System Installation 
The data recorder for the main seismic SHM system (Figure 26) and the free-field station 
(Figure 27) are both located inside of a utility shed located less than 50 meters from the southern 
end of the bridge. The data recorder for the supplementary system will also be installed inside of 
the utility shed. The shed, displayed in Figure 28, houses deicing equipment for the bridge. All of 
the accelerometers, as well as the supplementary sensors located throughout the Galena Creek 
Bridge, are connected to their respective data recorders in the utility shed. Shown in Figure 29 and 
Figure 30, conduit was installed from the bottom of the northbound superstructure by the south 
abutment to the shed as part of the first installation June 18-20, 2019. 
 
Figure 26. 36-channel data recorder installed 
inside utility shed. 
 






Figure 28. Deicing shed containing data recorders and free-field station. 
 





Figure 30. Conduit containing instrumentation cable along approach slab. 
All accelerometers were attached to the surface of the concrete using aluminum mounting 
plates, shown in Figure 31. The aluminum plates were anodized to sufficiently prevent corrosion. 
The purposes of mounting the sensors onto the plates, instead of directly to the concrete surface, 
were: 1) to facilitate leveling and 2) to ensure quick installation or removal if a sensor needed to 
be replaced. The mounting plates also made the installation process much easier by ensuring the 
sensors would already be almost level when they were initially attached to the plates. Each plate 
was designed to mount up to three Kinemetrics ESU2 accelerometers in different directions. For 
each location, the plate was first leveled when mounted to the interior surface of the structure, and 
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each sensor was then attached to the plate and leveled. All plates and accelerometers were installed 
as part of the second installation on the week of July 15-18, 2019. 
 
Figure 31. Plate mounted to structure without sensors attached. 
As of November 13, 2019, 19 of the total 33 accelerometers at nine of the total 15 locations 
have been fully installed, connected, and tested. Accelerometers #1 and #2 at the top of Pier 1 are 
shown by Figure 32; channels #3 and #4 at the bottom of Pier 1 are included in Figure 33. At the 
midspan between Piers 1 and 2, accelerometers #5 and #6 are attached to the superstructure, as 
seen in Figure 34. The accelerometers at the top of Pier 2, channels #7 and #8, are displayed by 
Figure 35, while the sensors located at the bottom of Pier 2 are channels #9, #10, and #11 in Figure 
36. Figure 37 shows accelerometers #12 and #13 at the midspan between Pier 2 and the region 
where the superstructure and arch merge together. Channels #14 and #15 are located at the south 
end of the arch-superstructure merge region, as seen in Figure 38. Figure 39 shows one of those 
mounting plates located inside the superstructure at the crown of the arch with accelerometers, 
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channels #16 and #17, respectively, attached to it. In Figure 40, accelerometers #18 and #19 at the 
north end of the arch-superstructure merge region are displayed. 
 
 
Figure 32. Transverse and longitudinal 
accelerometers #1 and #2 at top of Pier 1. 
 
 
Figure 33. Transverse and longitudinal 






Figure 34. Vertical and transverse sensors #5 
and #6 at midspan between Piers 1 and 2. 
 
Figure 35. Transverse and longitudinal 







Figure 36. Accelerometers #9, #10, and #11 
in three directions at bottom of Pier 2. 
 
 
Figure 37. Vertical and transverse sensors #12 







Figure 38. Vertical and transverse 




Figure 39. Transverse and longitudinal 




Figure 40. Vertical and transverse accelerometers #18 and #19 at north end of merge region. 
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The remaining 14 uniaxial accelerometers, located at the six locations farthest from the 
south end of the bridge, have been attached to mounting plates in the bridge but have yet to be 
connected to the data recorders. These sensors were not connected at the same time as the others 
due to scheduling issues. Figure 41 shows accelerometers #20 and #21 located at the midspan 
between Pier 3 and the region where the superstructure and arch are merged. Channels #22 and 
#23 installed at the top of Pier 3 are shown in Figure 42. At the bottom of Pier 3, channels #24, 
#25, and #26 are attached to the inner face of the column, as seen in Figure 43. Accelerometers 
#27 and #28, in Figure 44, are located at the midspan between Piers 3 and 4. Figure 45 shows the 
top of Pier 4 with accelerometers #29 and #30 installed. The bottom of Pier 4 has accelerometers 
#31, #32, and #33 attached to the interior of the column, as shown by Figure 46. 
 
Figure 41. Vertical and transverse sensors 
#20 and #21 at midspan between Pier 3 and 
merge region. 
 
Figure 42. Transverse and longitudinal 




Figure 43. Accelerometers #24, #25, and #26 
in three directions at bottom of Pier 3. 
 
Figure 44. Vertical and transverse sensors #27 







Figure 45. Transverse and longitudinal 
accelerometers #29 and #30 at top of Pier 4. 
 
Figure 46. Accelerometers #31, #32 and #33 
in three directions at bottom of Pier 4. 
 
3.4 SHM System Methodology 
A proven SHM system for buildings will be adapted for the Galena Creek Bridge. The 
SHM system is able to record data, perform computations, and send alarm notifications through 
various media. A key component of the system is the control software, the framework of which is 
shown in Figure 47. The accelerometers relay captured data to the data recorders, which in turn 
communicate with the analysis system. The real-time analysis system then determines if thresholds 
are exceeded. If the thresholds are exceeded, then the system quickly generates summary reports 
and sends out warning alerts. The SHM also easily accommodates new sensor data for 




Figure 47. SHM system architecture. 
The SHM software handled the data processing of the necessary dynamic parameters for 
the Galena Creek Bridge. The advanced monitoring software was designed to rapidly alert 
appropriate authorities within minutes of a trigger event. In addition, uniquely tailored summary 
reports for emergency responders, structural engineers, and expert analysts can be generated 
automatically and accompany the alert. In case of communication loss, the software will 
automatically store the event data and performance assessment reports on the local server. The 
summary reports enable management to make swift condition assessments, as well as to identify 




4 Computer Modeling of the Structure 
4.1 Background on Computer-Based Finite Element Analysis 
CSiBridge, developed by Computers and Structures, Inc. (CSi), is a modern and powerful 
structural analysis program used for finite element analysis (FEA). The software allows bridge 
structures to be modeled either as spine models comprised of frames, as two-dimensional (2D) 
mesh models using areas, or as three-dimensional (3D) FEA models. In addition, CSiBridge is 
commonly used as a design aid by bridge engineers. Due to the wide variety of features, as well 
as the availability of references and user manuals, CSiBridge v21 was chosen to model the Galena 
Creek Bridge. CSiBridge provided the necessary amount of detail in the analytical model without 
the limitations one may experience with other structural analysis software, such as simplifications 
to the post-tensioning and the non-prismatic elements. The bridge was previously modeled using 
SAP2000, another CSi program, as well as using MIDAS Civil, in work done by NDOT and UNR 
(Carr & Sanders, 2013). CSiBridge has many additional features not included in SAP2000, 
specifically for bridges, enabling a more detailed and representative structural model than was 
possible previously. 
The following chapter focuses on the development of the preliminary CSiBridge model. 
Further refinements made to the analytical model are discussed in subsequent chapters. Material 
and sectional properties were referenced from the as-built plans. The main steps of model 
development included modeling the bridge geometry, superstructure, substructure, link beams, 
link slab, foundations, post-tensioning, and inputting loads. The northbound and southbound 
structures were modeled using layout lines offset 20.92 meters apart with bridge objects assigned 
to those lines. A 40-m span of the southbound structure has a horizontal curve with a radius of 730 
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meters, while the rest of the bridge is not curved. As such, the entire structure was assumed to be 
linear in the analytical model. A 1.25% grade in the longitudinal direction of the bridge was 
accounted for in the model, while the 2% superelevation in the transverse direction was neglected. 
 
4.2 Defining Material and Sectional Properties 
The 28-day specified compressive strength of various components varied from 28 to 35 
MPa (Table 3). The modulus of elasticity of each concrete component was calculated using 
Equation 1, where Ec is the modulus of elasticity and f’c is the 28-day compressive strength. The 
CSiBridge default coefficient of thermal expansion for concrete (9.9 × 10-6/°C) was used. A 
Poisson’s ratio of 0.2 was used for the concrete, and the unit weight of the normal weight concrete 
was taken as 23.56 kN/m3. 
Table 3. 28-day concrete compressive strength of each component. 
 Component Concrete Compressive Strength, f’c (MPa) 
Modulus of Elasticity, Ec 
(GPa) 
Superstructure 31 26 
Column 28 25 
Arch 35 28 
Link Beam 28 25 
Link Slab 31 26 
 
Ec = 4700�f′c (MPa) 
Equation 1. Estimating modulus of elasticity of concrete. 
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As seen in Figure 48, a Mander unconfined stress-strain curve was used for the concrete, 
essentially neglecting the effects of confining reinforcement on the axial strength of the 
components (Mander et al., 1984). The unconfined stress-strain curve used in CSiBridge is defined 
by a curved portion in Equation 2 and a linear portion in Equation 3, where f is the concrete stress, 
ε is the concrete strain, ε’c is the concrete strain at f’c, and εu is the ultimate concrete strain capacity 
(taken as 0.003). The tendon strand stress-strain curve used in the FE model to define the post-
tensioning is shown in Figure 49 and defined by Equation 4, Equation 5, and Equation 6 built into 
CSiBridge, where Es is the modulus of elasticity (taken as 29,000 ksi), f is the tendon stress, ε is 
the tendon strain, εy is the tendon yield strain, and εu is the tendon ultimate strain (taken as 0.03). 
 
Figure 48. Mander concrete unconfined stress-strain curve. 
 
For ε ≤ 2ε′c, f =
fc′ xr
r−1+xr
 (ksi), where x = ε
ε′c






















Equation 3. Defining linear portion of unconfined concrete stress-strain curve. 
 
 
Figure 49. Tendon strand stress-strain curve. 
 
For ε ≤ εy, f = Esε (ksi) 
Equation 4. Defining linear-elastic region of tendon stress-strain curve. 
 














Esεy2 − (270 + 0.007Es)εy + 1.93 = 0 (Es in ksi) 
Equation 6. Determining tendon yield strain. 
The model is primarily comprised of frame elements assigned uniform sectional properties, 
essentially making it a spine model. However, certain elements differentiate it from a typical spine 
model; specifically, non-prismatic frame elements in segments of the superstructure, thin shells 
forming the link slab, and frame elements defining the cross-sections of the superstructure. Non-
prismatic frame elements were used where the depth and soffit thickness varied linearly. The link 
slab was modeled as a set of connected thin shells. The superstructure cross-sections were broken 
apart into separate frames, as opposed to having the entire section be assigned to frames in the 
longitudinal direction connected by intermediate nodes. 
 
4.3 Modeling the Superstructure 
The superstructure model features included the diaphragms, non-prismatic segments of the 
box-girder, and the post-tensioning. All diaphragms in the as-built superstructure were included in 
the structural model. Table 4 summarizes the non-prismatic frame elements used in the model to 
represent the varying soffit thickness and overall depth of the superstructure. The increase in soffit 
thickness at the piers was incorporated into the preliminary model through the use of non-prismatic 
elements. The overall superstructure depth also increases within the arch-superstructure merge 
region in the model using non-prismatic elements to match the actual structure. Varying the 
superstructure depth within the merge region was also used as part of how that region of the 




Table 4. Non-prismatic frame element definition in the superstructure. 
 Point Distance (m) Dimension Change (m) 
Span 1 
Start of Span 0 0 
Soffit Flare Start 35.5 0 
Soffit Flare End 38 0.2 
End of Span 40 0.2 
Span 2 
Start of Span 0 0.2 
Soffit Flare End 2 0.2 
Soffit Flare Start 7 0 
Soffit Flare Start 47.1 0 
Soffit Flare Transition 52.9 0.2 
Soffit Flare End 63 0.4 
End of Span 65 0.4 
Span 3 
Start of Span 0 0.4 
Soffit Flare End 2 0.4 
Soffit Flare Start 8 0 
Depth Flare Start 65.5 0 
Depth Flare End 67.5 0.6 
Depth Flare End 142.5 0.6 
Depth Flare Start 144.5 0 
Soffit Flare Start 202 0 
Soffit Flare End 208 0.4 
End of Span 210 0.4 
Span 4 
Start of Span 0 0.4 
Soffit Flare End 2 0.4 
Soffit Flare Transition 12.1 0.2 
Soffit Flare Start 17.9 0 
Soffit Flare Start 61 0 
Soffit Flare End 66 0.2 
End of Span 68 0.2 
Span 5 
Start of Span 0 0.2 
Soffit Flare End 2 0.2 
Soffit Flare Start 6 0 
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Soffit Flare Start 52 0 
Soffit Flare End 56 0.2 
End of Span 58 0.2 
Span 6 
Start of Span 0 0.2 
Soffit Flare End 2 0.2 
Soffit Flare Start 5 0 
Soffit Flare Start 43 0 
Soffit Flare End 46 0.2 
End of Span 48 0.2 
Span 7 
Start of Span 0 0.2 
Soffit Flare End 2 0.2 
Soffit Flare Start 4 0 
End of Span 36 0 
 
The superstructure contains longitudinal and transverse post-tensioning. All transverse 
post-tensioning tendons were internal, while the longitudinal prestressing includes internal and 
external tendons. The tendons were placed as elements in the model, rather than as loads. The 
depth of the internal tendons (Figure 50, Figure 51, and Figure 52) and external tendons (Figure 
53 and Figure 54) varied along the length of the bridge. The built-in parabolic calculator was used 
to input the geometry of the longitudinal post-tensioning tendons. Each frame has a set of internal 


















Figure 53. Longitudinal external post-tensioning centroid at Pier 2 (mm). 
 
Figure 54. Longitudinal external post-tensioning centroid at Pier 3 (mm). 
Post-tensioning anchorages are located in the two hinges and the two abutments. The 
internal tendons in the inner frame were jacked from both hinges simultaneously, while the internal 
tendons in the outer frame were jacked from the abutments. The jacking locations were specified 
in the post-tensioning input accordingly. The inner frame also contains two sets of external tendons 
in the cells of the box-girder, located between each hinge and the adjacent pier, with jacking from 
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the hinges. The transverse post-tensioning on the actual structure was ignored for the purposes of 
the structural computer model. The purpose of the transverse post-tensioning in the design of the 
bridge was to strengthen the deck slab; therefore, omitting the corresponding compressive force 
did not significantly change the structural response to dynamic loading. 
 
4.4 Modeling the Substructure 
4.4.1 Piers 
Each column was initially modeled using a single element. The approach was later 
improved as part of an effort to more uniformly distribute the mass. Three intermediate nodes were 
added to each pier, dividing each column into four frames. The nodes were added to improve the 
modal analysis results of the FEA model. Column lengths of the southbound and the northbound 
structures were referenced from the as-built plans and are summarized in Table 5. In addition, the 
2-meter tall southbound pedestal at the bottom of Pier 4 was included in the CSiBridge model. 
Table 5. Column lengths. 
 (m) Pier 1 Pier 2 Pier 3 Pier 4 Pier 5 Pier 6 
Southbound 16.6 38.0 38.8 22.0 22.2 16.5 
Northbound 19.2 38.0 38.8 34.4 31.3 23.9 
 
A common assumption in reinforced concrete is that the concrete will not resist tensile 
forces. Concrete that has cracked due to tensile stresses will have a lower moment of inertia than 
the original moment of inertia of the given cross-section. To account for the reduced moment of 
inertia, cracked section properties in the form of an effective moment of inertia were used. The 
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effective moment of inertia can be estimated various ways, usually by using an effective moment 
of inertia equal to a given ratio of the gross moment of inertia. One such ratio recommended by 
Priestley, Seible, and Calvi is taking the effective moment of inertia as 40% of the gross moment 
of inertia (Priestley et al., 1996). The 40% ratio was initially assumed in the columns to account 
for the cracking in the concrete, thereby allowing non-linearity to be considered for the columns. 
The ratio was changed to 100% for the last version of the preliminary model since initial 
modal analysis comparisons would be made between the CSiBridge model and analytical models 
developed by UNR and NDOT in previous research (Taylor & Sanders, 2008) and (Carr & 
Sanders, 2013). Carr and Sanders found that using gross section properties in the columns provided 
analytical results closer to their experimental results, as the bridge was newly constructed, and no 
yielding would have yet occurred in any location (2013). Assumed gross section properties at the 
columns will need to be replaced with effective section properties once field data is collected later 
in the on-going project. 
4.4.2 Arch 
The arches were modeled in CSiBridge using three separately defined parabolas. Each of 
the actual arches consists of 19 segments, poured one at a time. The analytical model initially used 
the same number of segments to form each arch. Similar to the changes made to the columns in 
the model, the arch segments were split in halves to better distribute the mass of the arch for the 
modal analysis.  
For modeling the region of the bridge where the arch and superstructure merge together, 
referred herein as the merge region, two main methods were initially considered. The first method 
was to model the arch and superstructure independently and then use rigid links to connect the two 
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elements. The second method was to use a merged frame section, replacing the superstructure and 
arch in the merge region. Such a frame section would be linearly varied between the crown of the 
arch and the ends of the merge region. During design, NDOT originally created two separate 
models to compare both methods and found the models had agreeable results, most likely due to 
the high rigidity of the merge region. 
The rigid link methodology to merge the two sections was chosen for the CSiBridge model, 
as NDOT found the two methods to have no significant difference.  In addition, the selected 
method was the most computationally efficient. The arch and superstructure merge in the middle 
61.5 meters of the arch span, including the crown of the arch (Figure 55). Initially, six rigid links 
for each structure were used to connect the arch nodes to the superstructure in that middle region. 
An additional seven rigid links were used to connect intermediate nodes of the arch when the arch 
segments were each divided in two (Figure 56). Adding the additional links increased the overall 
stiffness of the structure in the model, which improved the simulation of the Galena Creek Bridge 
by moving the modal periods output from the model closer to those determined by Carr and 
Sanders (2013). 
 




Figure 56. Rigid links between arch and superstructure. 
 
4.5 Loads 
To perform the initial FEA, it was necessary to add any external loads unaccounted for in 
the model. The dead loads consisted of the self-weight of the concrete, post-tensioning forces, 
wearing surface weight, and barrier rail weight. The self-weight of each major bridge component 
was accounted for when the model was created. The prestressing forces were added when the 
tendons were created as elements in the model. The wearing surface load was applied as a 1.8 kPa 
area load everywhere, except where the barrier rails were located (Figure 57). The barrier rail loads 
were applied as 6.52 kN/m line loads located at their centroids, 188 millimeters from the edge of 
each overhang (Figure 58). All dead loads were then used when comparing the current model with 
previous models developed to simulate the Galena Creek Bridge. It was not necessary to input any 




Figure 57. Wearing surface dead loads. 
 
Figure 58. Barrier rail dead loads. 
 
4.6 Summary of Initial Assumptions 
The pile caps and thrust blocks were initially modeled as fully fixed points at the base of 
each column and arch. The seat type abutments and expansion joint hinges include elastomeric 
bearings and transverse shear keys. The bearing stiffness would need to be incorporated into those 
locations for smaller movements experienced typically in service to better model the Galena Creek 
Bridge. The shear keys resist transverse movement in extreme events, when they are activated. To 
reduce the complexity of the boundary condition definition in the preliminary analytical model, 
the abutments and expansion joints were completely fixed initially. The pedestal located at the 
base of the southbound Pier 4 column was initially neglected in the computer model but was later 
added for completeness. The link slab was modeled as a set of thin-shells, which are area objects 
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used to model both in-plane (membrane) and out-of-plane (plate-bending) behavior. The 
membrane and plate-bending thickness of the homogenous slab was defined from its geometry. 
The initial structural model, shown in Figure 59, is mostly linear in terms of material 
properties. The conventional reinforcement was ignored in the model due to the linearity of most 
components. The superstructure was modeled as linear due to the stiffening effects of the post-
tensioning limiting the formation of cracks, while the arch was also modeled as linear due to the 
high axial load experienced. The only part of the model considering non-linear effects was the 
definition of the effective moment of inertia of the columns; however, in the preliminary model, 
the effective moment of inertia was set equal to the gross moment of inertia to facilitate more 
meaningful comparison with previous analytical models and the field data collected by UNR and 
NDOT (Taylor & Sanders, 2013). 
 




5 Discussion of Results 
5.1 Initial Analytical Results 
5.1.1 Dead Load Reactions 
 The preliminary model was first analyzed using dead loads only. The vertical reactions at 
the supports of the bridge, as determined by CSiBridge, were compared to the sum of the estimated 
weights of all bridge components, including externally applied dead loads. Table 6 shows the 
vertical reactions at the piers and abutments of the structure, taken from the preliminary CSiBridge 
model. At the abutments, each vertical reaction is the sum of the vertical reactions at the bottom 
of each web of the superstructure. Table 7 lists the weight of each component of the structure, 
calculated by hand. The additional weight from the arch diaphragms at the base of the arch and all 
superstructure diaphragms were estimated by calculating the total weights of the diaphragms and 
subtracting the typical section weights from them, and the assumed weights of the wearing surface 
and barrier rails were also included. The weights of the pedestal at the base of southbound Pier 4, 
the soffit flares, and the sections where the overall box-girder depth increases were all neglected 








Table 6. Vertical reaction at each support from the preliminary model. 
Vertical Reaction (MN) Northbound Southbound Total 
Abutment 1 3.2 3.2 6.4 
Pier 1 21.3 20.7 42.0 
Pier 2 79.2 79.2 158.4 
Pier 3 79.5 78.4 157.9 
Pier 4 25.3 23.5 48.8 
Pier 5 23.2 20.5 43.7 
Pier 6 19.5 20.0 39.5 
Abutment 2 4.0 1.5 5.5 
Total 255.1 247.0 502.0 
 
Table 7. Manually calculated weight of each component of the structure. 
Weight (MN) Northbound Southbound Total 
Pier 1 Columns 4.9 4.2 9.1 
Pier 2 Columns 9.7 9.7 19.4 
Pier 3 Columns 9.9 9.9 19.7 
Pier 4 Columns 8.8 5.1 13.8 
Pier 5 Columns 8.0 5.6 13.6 
Pier 6 Columns 6.1 4.2 10.3 
Arch 38.3 38.3 76.6 
Arch Diaphragms 4.0 4.0 8.0 
Superstructure 104.7 104.7 209.4 
Superstructure Diaphragms 25.0 25.0 49.9 
Link Beams 11.8 11.8 23.7 
Link Slab 2.3 2.3 4.6 
Wearing Surface 17.0 17.0 34.0 
Barrier Rails 3.4 3.4 6.8 




5.1.2 Modal Analysis 
 The foundations at the base of each column were incorporated into the CSiBridge model 
before the first modal analysis. The process of determining the total number of modes to consider 
and which modes are significant in each direction would need to be repeated with the addition of 
the pile caps and thrust blocks. Table 8 shows the cumulative translational mass participation in 
each direction. 200 modes in total were considered to exceed 90% participation in every direction. 
A 0.5% threshold was used to determine which modes were significant enough to compare results 
in each direction. Table 9 lists the modes with greater than 0.5% mass participation in the 
longitudinal direction of the bridge, Table 10 lists the transverse modes from the CSiBridge model, 
and Table 11 lists the vertical modes and their participations. 
Table 8. Cumulative mass participation in each direction. 
Longitudinal Participation Transverse Participation Vertical Participation 
96.0% 90.7% 92.9% 
 
Table 9. Mass participation of longitudinal modes (preliminary). 





























Table 10. Mass participation of transverse modes (preliminary). 




























Table 11. Mass participation of vertical modes (preliminary). 











































To verify the preliminary CSiBridge model, the modal analysis results were compared to 
the results from Carr and Sanders in 2013. The preliminary modal analysis validation was 
comprised of two comparisons: 1) modal periods of the top six transverse modes from the 2013 
SAP2000 model and the CSiBridge model and 2) transverse mode shapes of the top transverse 
modes from the 2013 SAP2000 model, the 2013 field experiments, and the CSiBridge model. 
Table 12 summarizes the first comparison. The six modes participating in the transverse direction 
the most from the 2013 SAP model were compared to the similar six top participating transverse 
modes from the CSiBridge model. The transverse mass participation was used to identify the 
correct modes for the comparison, and the periods of each mode were found to agree well overall. 
The CSiBridge modal periods were consistently lower than those of the SAP model, indicating a 










Table 12. Top six transverse modes (preliminary). 
SAP Model from Carr & Sanders (2013) Preliminary CSiBridge Model 












1 1.65 0.61 38.9% 1 1.55 0.64 30.0% 
5 0.99 1.01 4.1% 4 0.78 1.28 3.8% 
10 0.72 1.39 5.5% 7 0.68 1.47 2.3% 
11 0.67 1.50 0.9% 9 0.62 1.61 1.4% 
32 0.32 3.12 1.1% 32 0.29 3.45 4.1% 
35 0.30 3.38 0.7% 36 0.28 3.62 2.0% 
 
 The transverse mode shape comparison was the other component of the preliminary model 
validation. Figure 60 shows the locations of the accelerometers used by Carr and Sanders to 
measure accelerations and calculate experimental transverse mode shapes (2013). The normalized 
mode shapes using the same four points of interest in the middle frame of the structure for each of 
the top six transverse modes were calculated. The experimental and analytical results from the 
UNR mass shaker experiments and SAP2000 model, respectively, are compared to the analytical 




Figure 60. Points of interest for mode shape comparisons. 
The first analytical transverse mode shapes from the CSiBridge model and the SAP2000 
model in Figure 61 do not agree with the experimental results in that segment of the middle frame. 
Figure 62 shows the second transverse mode shapes are all similar, and the two sets of analytical 
results are close to each other. In Figure 63, the third transverse mode shapes all have similar 
trends, with the experimental mode shape in between the two analytical shapes. The fourth 
transverse mode shapes in Figure 64 show that the two analytical results agree with each other, 
while the experimental mode shape did not agree with either analytical shape. Figure 65 shows 
that the fifth transverse mode shapes are all similar, and the two sets of 2013 results agree the most. 




Figure 61. Preliminary mode 1 transverse mode shapes (Carr & Sanders, 2013). 
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Figure 63. Preliminary mode 10 transverse mode shapes (Carr & Sanders, 2013). 
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Figure 65. Preliminary mode 32 transverse mode shapes (Carr & Sanders, 2013). 
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5.2 Evaluating Initial Assumptions in the Model 
5.2.1 Abutment Definition 
The preliminary CSiBridge model considered the abutments as fully fixed. A second 
version of the model was generated with the fixed restraints replaced by longitudinal rollers at the 
abutments. Translation in the vertical and transverse directions was fixed, rotation about the 
longitudinal axis was fixed, and the other three degrees of freedom were free. The longitudinal 
roller version of the model was considered due to the transverse shear keys in the abutments 
resisting transverse movement. As this variable primarily affected the longitudinal direction of the 
bridge, the longitudinal mass participation of each mode that exceeded the 0.5% threshold was 
used to quantify what the variable affected in the model. The two versions were also compared 
based on their modal periods. 
Table 13 is a summary of the top eight longitudinal modes in the 2008 SAP2000 model. 
Table 14 lists the top eight longitudinal modes taken from the preliminary CSiBridge model, 
considering the fully fixed abutment case. Table 15 includes the top eight longitudinal modes 
calculated in the version of the CSiBridge model generated to consider the longitudinal roller case. 
The stiffness of the SAP2000 model was significantly lower than either version of the model from 
CSiBridge. The lower stiffness in SAP2000 resulted from considering an effective moment of 
inertia of the columns, taken as 40% of the columns’ gross moment of inertia. Carr and Sanders 
later revised the SAP2000 model to use gross moment of inertia for the columns, since the Galena 
Creek Bridge had just completed construction during their experiments (2013). As such, the 2008 
SAP2000 modal periods are consistently higher than those of the CSiBridge models. The two cases 
of adjusting the abutment restraints had very similar results, and the preliminary model with the 
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abutment restraints fully fixed was chosen, as the cumulative mass participation in each direction 
already exceeded 90% with 200 modes. 
Table 13. Top eight longitudinal modes from SAP2000 model (Taylor & Sanders, 2008). 
Mode Period (sec) Frequency (Hz) Longitudinal Mass Participation 
2 1.71 0.58 9.6% 
3 1.65 0.61 11.0% 
4 1.25 0.80 5.9% 
5 1.07 0.93 4.2% 
6 1.05 0.95 13.0% 
10 0.72 1.39 5.4% 
13 0.53 1.89 1.1% 
14 0.5 2.00 4.3% 
 
Table 14. Top eight longitudinal modes for fully fixed abutments. 
Mode Period (sec) Frequency (Hz) Longitudinal Mass Participation 
2 1.16 0.87 7.9% 
11 0.60 1.68 3.3% 
12 0.58 1.73 2.5% 
14 0.48 2.09 1.5% 
17 0.44 2.28 6.9% 
21 0.38 2.66 0.6% 
25 0.33 3.03 5.3% 





Table 15. Top eight longitudinal modes for longitudinal roller abutments. 
Mode Period (sec) Frequency (Hz) Longitudinal Mass Participation 
2 1.16 0.86 8.0% 
12 0.60 1.68 3.1% 
13 0.58 1.73 2.6% 
16 0.48 2.09 1.5% 
19 0.44 2.28 6.9% 
23 0.38 2.66 0.6% 
27 0.33 3.03 5.4% 
31 0.30 3.29 8.1% 
 
5.2.2 Expansion Joint Stiffness 
 The preliminary FE model used fully rigid links to connect the three frames of the Galena 
Creek Bridge at the two hinges. A separate version of the model was created to replace the fully 
fixed constraints with spring links using the stiffness of the bearings in the expansion joint hinges, 
as defined in Chapter 5. These two versions of the CSiBridge model were then compared using 
the top longitudinal modes in a similar way to the comparison of the two versions considered for 
the abutment restraint definition. Table 16 summarizes the top eight longitudinal modes in the fully 
fixed hinge version of the model, and Table 17 lists the top eight longitudinal modes from the 
version with springs applied at the hinges. While both versions of the model shared similar 
longitudinal modal periods, the spring version had consistently higher periods, which were also 





Table 16. Top eight longitudinal modes for expansion joint hinges with fully fixed constraints. 
Mode Period (sec) Frequency (Hz) Longitudinal Mass Participation 
2 1.16 0.87 7.9% 
11 0.60 1.68 3.3% 
12 0.58 1.73 2.5% 
14 0.48 2.09 1.5% 
17 0.44 2.28 6.9% 
21 0.38 2.66 0.6% 
25 0.33 3.03 5.3% 
29 0.30 3.29 8.1% 
 
Table 17. Top eight longitudinal modes for expansion joint hinges with springs applied. 
Mode Period (sec) Frequency (Hz) Longitudinal Mass Participation 
2 1.21 0.83 13.4% 
7 0.69 1.44 4.3% 
8 0.67 1.49 4.5% 
9 0.64 1.57 0.6% 
10 0.62 1.62 13.4% 
12 0.59 1.70 1.7% 
13 0.57 1.75 1.8% 







5.3 Final Analytical Results 
 The axial and shear stiffness of the bearings in the expansion joint hinges were incorporated 
in the final CSiBridge model, shown in Figure 67. Another modal analysis was performed to 
validate the final version of the FE model. The 0.5% threshold was again used to determine which 
modes were significant enough to compare results in each direction. Table 18 lists the modes with 
greater than 0.5% mass participation in the longitudinal direction of the bridge, Table 19 lists the 
transverse modes from the final FE model, and Table 20 lists the vertical modes and their 
participations. 
 






Table 18. Mass participation of longitudinal modes (final). 
























Table 19. Mass participation of transverse modes (final). 























Table 20. Mass participation of vertical modes (final). 



















The final modal analysis results were compared to the results from Carr and Sanders in 
2013. Table 21 lists the six modes participating in the transverse direction the most from the 2013 
SAP model, as well as the similar six top participating transverse modes from the final CSiBridge 
model. The transverse mass participation was used to identify the correct modes for the 
comparison, and the periods of each mode for the final model were closer to the SAP2000 modal 
89 
 
periods than the preliminary CSiBridge periods were. Also, the CSiBridge modal periods were 
lower than those of the SAP model for every mode, except the fifth transverse mode. 
Table 21. Top six transverse modes (final). 
SAP Model from Carr & Sanders (2013) Final CSiBridge Model 












1 1.65 0.61 38.9% 1 1.58 0.63 30.0% 
5 0.99 1.01 4.1% 4 0.79 1.26 3.5% 
10 0.72 1.39 5.5% 7 0.69 1.44 3.3% 
11 0.67 1.50 0.9% 21 0.40 2.48 1.4% 
32 0.32 3.12 1.1% 23 0.39 2.57 3.2% 
35 0.30 3.38 0.7% 34 0.29 3.40 0.6% 
 
Normalized mode shapes for each of the top six transverse modes were calculated for the 
final CSiBridge model at the locations (Figure 60) of the accelerometers used by Carr & Sanders 
to measure accelerations and calculate experimental transverse mode shapes (2013). The 
experimental and analytical results from the UNR mass shaker experiments and SAP2000 model, 
respectively, are compared to the analytical results from the final CSiBridge model. The first 
transverse mode shape from CSiBridge in Figure 68 agrees with the experimental results in part 
of the middle frame. Figure 69 shows the second transverse mode shapes are all similar, and the 
two sets of analytical results from CSiBridge and SAP2000 are close to each other. In Figure 70, 
the third transverse mode shapes are agreeable, with the experimental mode shape in between the 
two analytical shapes. The fourth transverse mode shapes in Figure 71 show that the CSiBridge 
results agree with the experimental results for that segment of the bridge. Figure 72 shows that the 
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fifth transverse mode shapes are all somewhat similar, and the two sets of 2013 results agree the 
most. In Figure 73, the sixth transverse mode shapes from 2013 again are more similar than the 
final CSiBridge model. 
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Figure 69. Final mode 5 transverse mode shapes (Carr & Sanders, 2013). 
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Figure 71. Final mode 11 transverse mode shapes (Carr & Sanders, 2013). 
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Figure 73. Final mode 35 transverse mode shapes (Carr & Sanders, 2013). 
 
6 Verifying and Refining the Computer Model 
6.1 Verifying the Preliminary Model 
6.1.1 Verification of Dead Load Reactions 
The reactions from the dead loads were obtained from static analysis of the CSiBridge 
model. Separate from the model, hand calculations were used to check the model output. The hand-
calculated estimates agreed well with the model output, as seen in Table 6 and Table 7 from 
Chapter 5. For example, the sum of the vertical reactions (502.0 MN) was within 1% of the 
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approximating the diaphragm areas, neglecting the varying soffit thickness, and neglecting the 
changes in total box-girder depth when the weights of components were estimated. 
The FE model was further improved by reconsidering how the boundary conditions were 
initially defined. The first refinement to the model boundary conditions focused on the definition 
of the foundations at the bottom of each column. This revision was completed after the preliminary 
model and checking dead load reactions, but before the modal analyses and further model revisions 
to more accurately match the results of the 2013 mass shaker experiments conducted by Carr and 
Sanders. 
The base of each thrust block was modeled as fully fixed, as the thrust blocks are supported 
directly by competent rock. Each pile cap was modeled as fully fixed at its base because of the 
effects of having multiple CIDH piles grouped together on the rigidity of the foundations. A total 
of 12 drilled shafts per cap were arranged in multiple rows. For the purpose of analyzing the bridge, 
modeling the pile caps as fixed would be more accurate than assuming a depth of fixity for each 
individual pile. Additionally, using soil springs to model the pile caps would require extensive 
information defining the soil properties, which was not available. 
6.1.2 Modal Analysis Verification 
A modal analysis of the initial CSiBridge model was performed using Ritz vectors. Mass 
participation of each mode was used to determine which modes contributed to the longitudinal, 
transverse, and vertical dynamic analyses. Data were compared to results from previous Galena 
Creek Bridge models. Model output was also compared to published experimental data from a 
previous study of the bridge (Carr & Sanders, 2013). Based on the comparison, the initial model 
was validated quantitatively. A weighted average percent error for the modal periods of the top six 
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transverse modes was calculated as 7.2%. The weighted percent error was determined by taking 
the sum of the products of each modal period percent error by its respective transverse mass 
participation, ensuring the highest participating transverse modes contributed the most to this 
measure used for model verification. 
 To determine how many modes of vibration to consider, a rule of thumb of at least 90% 
cumulative mass participation in each direction was used (Priestley et al., 1996). The method 
ensures a significant portion of the total mass of the structure is effectively being considered by 
the modal analysis. For the x, y, and z directions, the inclusion of the first 200 modes satisfied the 
cumulative mass participation requirement. Among the 200 modes, any mode with a mass 
participation greater than 0.5% in a given direction was considered significant and included in the 
validation process. The approach used for the data comparison was conservative because a typical 
rule-of-thumb of 1% is commonly used by designers (Priestley et al., 1996). Establishing a mass 
participation lower limit ensured only relevant modes were considered during the refinement and 
verification process. 
The primary goal of the modal analysis of the preliminary model was to assist in validating 
the model using available published data from prior studies. To verify the preliminary CSiBridge 
model, the modal analysis results were compared to the 2013 experimental and analytical results 
of Carr and Sanders. The transverse mass participation of each mode was used to identify the 
comparable modes to establish a benchmark for comparison. The transverse mode shapes relied 
on the identification of modes to compare the transverse response calculated by CSiBridge to that 
of the 2013 SAP2000 model and mass shaker experiments of the Galena Creek Bridge. The 




6.2 Refining the Model 
6.2.1 Refining Abutments 
The preliminary CSiBridge model considered the abutments to be fully fixed. Rigid links 
were used to connect the abutments to the webs of the box-girders. As a second extreme case, 
translation was restrained in the transverse and vertical directions of the bridge, and rotation was 
restrained in the longitudinal direction. In the absence of longitudinal acceleration experimental 
data, applying either fully fixed or longitudinal roller restraints at the abutments were both 
representative of the structure based on the 2008 SAP2000 model from Taylor and Sanders. The 
2008 SAP2000 model was used instead of the 2013 SAP2000 model by Carr and Sanders, as the 
latter lacked the longitudinal mass participation of its modes. 
The weighted average percent difference, which weighted the percent difference of the 
modal periods of each mode by the corresponding longitudinal mass participation, between the 
two approaches to modeling the abutments in CSiBridge was calculated to be 0.04%. No 
significant difference between the two approaches was found, and the version of the model with 
fully fixed abutments required less modes to reach 90% cumulative mass participation in each 
direction. Therefore, the abutments were left as fully fixed in the CSiBridge model. 
6.2.2 Refining Expansion Joint Hinges 
 The expansion joint hinges in the CSiBridge model were originally constrained using fully 
rigid links, making the hinges fully fixed connections. The preliminary version of the model used 
rigid links to simplify the process of developing the model initially. The initial assumption was 
adjusted to include the shear and axial stiffness of the bearings at the expansion joints. Inside each 
hinge are three rectangular elastomeric bearings, measuring 760 millimeters transversely and 710 
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millimeters longitudinally. Each bearing consists of 13 layers of elastomer, and each layer is 19 
millimeters thick. In the bridge plans, 60-durometer elastomer rubber is specified, and this type of 
rubber has a shear modulus of 1.06 MPa (Lindley, 1974) and a 4.24 MPa modulus of elasticity, 
equal to four times the shear modulus (Buckle et al., 2002). 
 The shear stiffness (kv) of each expansion joint bearing was calculated as 2,316 kN/m using 
Equation 7, where Gb is the shear modulus, A is the bonded area, and t is the total thickness or 
height of the bearing (Lindley, 1974). The axial stiffness (kn) of each bearing was determined to 
be 9,263 kN/m with Equation 8, where Eb is the modulus of elasticity (Buckle et al., 2002). The 
total shear stiffness at each hinge was 6,947 kN/m, and the total axial stiffness at each hinge was 
27,788 kN/m. The shear stiffness was applied at each expansion joint in the transverse and 
longitudinal directions, and the axial stiffness was applied vertically at each joint. These were 
applied as spring constraints in CSiBridge, and the stiffness replaced the previous fully rigid links 
at each expansion joint hinge. 











6.3 Verifying the Final Model 
The refined model with bearing stiffness applied to the hinge links was compared to the 
original version with fully fixed hinge links. The modal periods of the new version were closer to 
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those of the 2013 SAP2000 model and experiments; therefore, the final model kept the changes to 
the expansion joint hinges and was validated further using a similar process to the preliminary 
model validation. The purpose of this validation was to verify the final model and ensure the 
analytical results still agreed with previous findings. 
The modal analysis results were again compared to the experimental and analytical results 
of Carr and Sanders (2013). The transverse mass participation of each mode was first used to 
identify the comparable modes, and the transverse mode shapes then formed the basis for 
comparing the transverse response calculated by CSiBridge in the final version of the model to the 
data from the 2013 SAP2000 model and mass shaker experiments. The average percent error for 
the modal periods of the top six transverse modes was 6.2%, weighted based on the transverse 
mass participation of each mode. The final version of the CSiBridge model was thus closer to the 
2013 SAP2000 model than the initial CSiBridge version based on the periods of vibration of the 




7 Conclusions, Recommendations, and Future Work 
7.1 Conclusions 
A permanent and automated seismic SHM system has been developed and partially 
installed for the Galena Creek Bridge. CSiBridge was used to generate an FE model of the 
structure. The influence of a number of assumptions on the structural response were evaluated. 
The final version of the bridge model was validated using a combination of previously published 
experimental and computational data collected for the Galena Creek Bridge. Together, the 
instrumentation system and the FE model will comprise the overall SHM system. The research 
presented herein completes a major portion of a larger, on-going research effort to monitor the 
Galena Creek Bridge. 
Previous research focusing on the Galena Creek Bridge and relevant SHM literature were 
reviewed. The natural frequency, mode shapes, and general structural response were identified as 
key parameters of interest. Accelerometers were used for the primary seismic SHM 
instrumentation. Optimal sensor locations and orientations were determined, and the majority of 
the seismic monitoring system has been installed. The supplementary monitoring system, 
comprised of wind speed and direction, temperature, tilt, and displacement sensors, was designed 
as part of this research. All additional sensors were ordered and will be installed in Spring 2020. 
The initial version of the CSiBridge model was developed based on the as-built plans and 
existing literature. Model validation was performed by comparing dead load and modal analysis 
results. The dead load reactions calculated by CSiBridge were checked with hand calculations and 
were found to be within 1%. Preliminary modal analysis results were compared to historical 
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experimental and computational data. Model definitions for the foundations and expansion joint 
hinges were evaluated and refined using an iterative process, adjusting a single variable at a time. 
The following conclusions were obtained from the research: 
1. Identification of optimal sensor locations is one of the most crucial steps in 
SHM system implementation. Using uniaxial accelerometers can provide 
benefits over triaxial instruments. The initial cost difference between three 
uniaxial sensors and a single triaxial sensor was nominal. Considering not all 
locations require measurement in three directions, uniaxial instruments provide 
more flexibility. Further, all SHM systems require some routine maintenance 
over their service-life. When a sensor needs to be replaced, the cost of a single 
uniaxial sensor is less than a triaxial sensor. In addition, no data is lost in the 
remaining two directions during the period of sensor replacement. 
2. In the CSiBridge model of the Galena Creek Bridge, modeling the abutments 
as fully fixed, instead of longitudinal rollers, did not have a significant impact 
on the periods of the top longitudinal modes of vibration. The nominal 
difference was 0.04%, likely due to the large stiffness of the rest of the bridge. 
3. Modeling the expansion joints hinges using an assigned bearing axial and shear 
stiffness, calculated based on elastomer material properties, provided better 
agreement to the periods and mode shapes of the top transverse modes.  Initial 
modeling bounded the problem using fully rigid links and free translation 
boundary conditions. 
The monitoring system will be integrated into the NDOT Intelligent Traffic System (ITS) 
following project completion. The SHM software will provide real-time alerts triggered on 
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earthquakes and when certain thresholds are exceeded. Ultimately, the successful implementation 
of the complete monitoring system on the Galena Creek Bridge will provide NDOT the ability to 
alert the appropriate authorities in the case of an extreme event, triggering the generation of 
technical reports to be delivered with the real-time notification. 
 
7.2 Recommendations and Future Work 
The research described herein is part of an ongoing effort in which a number of tasks 
remain to be completed, including implementation of the remaining seismic monitoring sensors, 
installation of the supplementary system, and model refinement with data from both systems. Field 
data will be used to verify the functionality of both the instrumentation system and the computer 
model, as well as to calibrate both the SHM system and the model. Long-term monitoring will be 
used to establish trigger thresholds for the alerts and to verify the durability of the system. 
While the CSiBridge model has been verified to the extent possible with the historical 
experimental and computational data, certain limitations were encountered. The available data 
were limited, namely most of the experimental and computational results were only for the 
transverse direction. The developed SHM system is much more comprehensive and designed to 
capture the dynamic response in three axes. Such results will provide a more complete 
representation of the bridge to further improve the model. The following recommendations should 
be considered when refining the CSiBridge model: 
• The existing CSiBridge model of the Galena Creek Bridge is mostly linear; 
therefore, improvements to the model could come in the form of replacing linear 
elements with non-linear elements. Specifically, the column reinforcement may 
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need to be included to consider column non-linearity further than an assumed 
reduced moment of inertia, such as 40% of the gross moment of inertia, to consider 
a cracked concrete section. To obtain a more accurate effective moment of inertia, 
a moment-curvature analysis of the cross-section could be performed. Data 
collected by the newly developed SHM system would make this refinement 
possible. 
• Consideration of the transverse shear keys in the abutments and expansion joint 
hinges could improve the model. Both the abutments and expansion joint hinges 
were initially set as fully fixed in every direction in the model. The assumptions 
were evaluated by adjusting each parameter and comparing the corresponding 
results to the original findings. In the final version of the model, the abutments 
remained fully fixed, and the expansion joints were assigned stiffness based on the 
elastomeric bearings present in the hinges. In an extreme event where the transverse 
shear keys would be engaged, the abutments and expansion joints could be revised 
as fixed in the vertical and transverse directions and free longitudinally. Under 
working stresses and corresponding minimal movement, the shear keys would not 
engage, and the bearings would be the sole source of resistance in those locations. 
• In the CSiBridge model, the barrier rails were included in the load input. The 
stiffness of the rails specifically was not modeled. Secondary components, such as 
the barrier rails, have been shown to influence overall structure stiffness. 
Consideration of such non-load-carrying components might improve the accuracy 
of the model. 
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Following the completion of the global project, future work could look to refine the 
substructure definitions. For example, foundations could be represented using soil-springs, as 
compared to the current model which considers the base of the pile caps to be fixed, or fully rigid. 
More geotechnical information would be needed than is currently available for the site to define 
the soil springs; however, their consideration could be used to verify the assumption that the 
grouped piles are very rigid. 
Other bridges could have similar instrumentation installed to analyze and monitor their 
behavior in extreme events. NDOT is using the SHM system developed for the Galena Creek 
Bridge as a testbed of this type of monitoring. As such, NDOT could use aspects of the SHM 
system as a spring board to monitor smaller bridges in the state. Also, other bridge owners could 
use a similar system to monitor the dynamic response of structures during extreme events. The 
lessons learned and recommendations summarized during this research can be used to assist in the 
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